Abstract: We demonstrated a high-power wavelength-tunable picosecond Yb-doped fiber master oscillator power amplifier source without any tunable elements for the first time. This wavelength-tunable output was realized based on the birefringence-induced filter effect of the nonlinear polarization rotation mode-locked fiber laser, which worked as the seed source. Through cascaded single-mode Yb-doped fiber preamplifiers together with two double-cladding Yb-doped fiber amplifiers, the pulses were amplified up to 21.2-W output power in the wavelength range from 1038.4 to 1060 nm with a pulse duration of 9.5 ps, an optical signal-to-noise ratio of 25 dB, and a beam quality M 2 of 1.16 at the repetition rate of 178 MHz.
Introduction
High-power pulsed fiber lasers have a wide range of applications including remote sensing, industrial materials processing, biomedicine and supercontinuum generation due to their high peak power, broad gain bandwidth, excellent beam quality, and thermal stability [1] - [4] . In particular, wavelength-tunable ultrafast fiber lasers have been a subject of intensive research for their potential applications in air monitoring, underwater optical-communication, and sensing measurements [5] - [7] .
Recently, the research on wavelength-tunable ultrafast fiber lasers has achieved substantial progress in both the tunable range broadening and the output power scaling. In 1998, Porta et al. reported a widely wavelength-tunable pulsed Yb-doped fiber laser by incorporating an acousto-optical modulator and a bulk diffraction grating [8] . In 2003, a semiconductor saturable absorber mirror (SESAM) based picosecond mode-locked Yb-doped fiber laser with a wavelength-tunable range from 980 nm to 1070 nm was achieved by incorporating a grating-pair dispersive delay line [9] . In 2012, Zhang et al. developed an all-fiber wavelength-tunable (a 12-nm range) pulsed Yb-doped fiber laser by using a single-mode-multimode-single-mode filter [10] . There were also some reports for Er-doped wavelength-tunable pulsed fiber lasers. Zhang et al. demonstrated that wide range 1570-1600-nm continuously wavelength-tunable dissipative solitons could be formed in an erbiumdoped fiber laser mode-locked with layer graphene [11] . In 2012, a wavelength-tunable, passively mode-locked erbium-doped fiber laser based on graphene and chirped fiber Bragg grating was achieved by He et al. [12] . However, such a free space structure by inserted tunable elements not only complicated the configuration, it decreased the output stability as well.
In terms of the output power scaling, high-power wavelength-tunable pulsed fiber lasers have also been investigated. Liu et al. have demonstrated a wavelength-tunable 3.5-W picosecond laser based on Yb-doped fiber amplification of gain switch semiconductor laser diode [13] and then enhanced the power to 10 W through changing the amplifier system [14] . A self-made tunable filter was used to achieve these tunable non-mode-locked pulses (1053-1073 nm). Moreover, Li et al. achieved a 1.01-W wavelength-tunable picosecond fiber laser based on SESAM mode locking large-mode-area photonic crystal fiber instead of a single-mode gain fiber [15] . In 1.5-m region, Jeong et al. presented a 1.67-W wavelength-tunable (1535-1559 nm) picosecond master oscillator power amplifier (MOPA) source based on a SESAM Er-doped mode-locked fiber laser and an inline tunable filter [16] .
In this letter, we report on a high-power wavelength-tunable picosecond fiber MOPA source without any tunable elements for the first time. The generated pulses operate in the dissipative soliton regime and could be tuned from 1038.4 nm to 1060 nm by changing the orientation of the polarization controllers. Through cascaded single-mode Yb-doped fiber preamplifiers together with two double-cladding Yb-doped fiber amplifiers, the pulses were amplified up to 21.2 W output power with a 9.5-ps pulse duration at a 178-MHz repetition rate. This laser source may serve as a promising application owing to the high-power output, wide wavelength-tunable range and all-fiber compact structure.
Experimental Setup
The wavelength-tunable picosecond Yb-doped fiber MOPA source is schematically shown in Fig. 1 . A passively mode-locked fiber laser based on nonlinear polarization rotation (NPR) technique was used as the seed source. The gain medium was a 3.1-m single-mode Yb-doped fiber with a group velocity dispersion (GVD) parameter of À43 ps/nm/km at 1060 nm and an absorption coefficient of 250 dB/m at 976 nm. It was pumped by a single-mode 976-nm laser diode (LD) through a 980/1060-nm WDM. The rest of the fibers in the cavity were standard singlemode HI-1060 fibers with a GVD parameter of À38 ps/nm/km at 1060 nm. The total cavity length and cavity dispersion were estimated to be 9.25 m and 0.22 ps 2 . An isolator (ISO) was inserted in the ring-cavity for enforcing unidirectional operation. In addition, two polarization controllers (PC1 and PC2) together with an in-line polarizer (ILP) were utilized to generate the birefringenceinduced filtering effect [17] , which resulted in wavelength-tunable pulses. Through an optical coupler (OC), 10% of the power was extracted from the cavity and then amplified in an Yb-doped fiber amplifier chain.
The first-stage preamplifier was constructed by a cascaded-amplifier, which was comprised of two 0.8-m and 1.2-m long single-mode Yb-doped fiber amplifiers (YDFAs) pumped by two 480-mW single-mode 976 nm LDs, respectively. The output from this amplification stage was coupled into a repetition rate increasing system, which consists of four cascaded 50:50 singlemode couplers, and the period of time delay between two output ports of each coupler is half of the input pulse period. As a result, this in-house developed all-fiber device could octuple the repetition rate of the input pulses. This system can effectively reduce the peak power of the laser pulses and consequently suppress the nonlinear effects, while introduces large additional losses. Then another 2.1-m long single-mode YDFA including an ISO was used to ensure adequate seeding for the third-stage double-cladding YDFA. A followed mode-field adaptor (MFA) was used to match the small-core fiber to the following large-core fiber. angle polished end cap was arranged at the output port of the system to eliminate back reflection and prevent end facet damage.
Experimental Results and Discussions
In the passively mode-locked oscillator, self-started mode-locked state could be steadied at a pump power of 225 mW. To begin with, we achieved the pulse operating at 1040.8 nm, and the optical spectrum measured with a Yokogawa AQ6370B optical spectrum analyzer is shown in Fig. 2(a) . The pulse-train waveform measured by a 1-GHz oscilloscope (Tektronix DPO 7104C) together with a 1.5-GHz photodetector is shown in Fig. 2(b) . The interpulse interval was 44.96 ns, which corresponds to the cavity round-trip time. The corresponding pulse duration was also measured by an autocorrelator (APE, Pulsecheck SM1200) and the result is shown in Fig. 2(c) . The pulse duration was as short as 8.5 ps with a Gaussian profile. This pulse duration combined with a 3-dB spectrum bandwidth of 12.5 nm corresponds to a time-bandwidth product of 29.4, indicating that the pulse was strongly chirped. It was also visible that the spectrum exhibits steep edge, which is the typical feature of the dissipative solitons in all-normal-dispersion lasers. Besides, to evaluate the quality of the mode-locked pulse, the RF spectrum of the output pulse was characterized by a 3-GHz radio-frequency spectrum analyzer (Tektronix RSA 3303B). Fig. 2(d) shows that the RF spectrum around fundamental repetition rate was 22.2402 MHz, and the signal-to-noise ratio was 85 dB with no sidebands. The inset shows the RF spectrum of harmonic repetition rate within 800 MHz.
In addition, through carefully adjusting the PCs, the lasing wavelengths of the pulses can be tuned from 1038.4 nm to 1060 nm, as shown in Fig. 3(a) . The spectrum edge-to-edge bandwidth varied from 10.9 nm to 12.5 nm. Particularly, the pulse duration has no obvious change at various lasing wavelengths. The fundamental repetition rates of pulses at 1038.4 nm, 1048.5nm, 1055.3 nm, and 1060 nm were 22.2397 MHz, 22.2414 MHz, 22.2426 MHz, and 22.2434 MHz, respectively. Meanwhile, the signal-to-noise ratios both exceeded 80 dB, which suggests that the stable mode-locked state was obtained in the laser. Furthermore, these stable wavelength-tunable pulses can be repeatedly achieved due to the intracavity birefringence-induced filtering effect.
Finally, the high-power wavelength-tunable pulsed fiber laser based on the achieved seed source was studied. First, the output pulse operating at 1040.8 nm was analyzed. The output power was amplified to 100 mW after the multi-stage single-mode YDFAs. Simultaneously, the inserted repetition rate increasing system enhanced 8-fold of the repetition rate to 178 MHz to avoid unwanted nonlinear effects. Then we fixed the seed source and multi-stage single-mode YDFAs and investigated the output properties of the main amplifier by altering the third-stage preamplifer with output power values of 1.76 W, 1.93 W, and 2.36 W. The corresponding output power values from the main amplifier were 19.7 W, 20.02 W, and 20.3 W under 30-W incident pump power, respectively. From the recorded spectra, we found that the stimulated Raman scattering (SRS)-assisted peak at around 1083 nm has built up. The corresponding SRS peaks were measured to be 37.265 dB, 34.783 dB, and 32.476 dB below the signal peak. In order to increase the SRS threshold, the power of 1.76 W was chosen as the seeding to the main amplifier. In fact, according to the relationship between the critical pump power to reach the SRS threshold and the fiber parameters (effective core area and effective interaction length) described in [18] , the critical pump power was estimated to be 10.1 kW in our system. Taking consideration of the repetition rate (178 MHz) and the pulse duration of the amplified pulse (9.5 ps), the SRS will start to build up when the output power reaches 17.08 W. Furthermore, it was commonly suggested that the coating temperature should be below 80 C for a long-term reliable operation [19] . Therefore, the fiber of the main amplifier was coiled and placed on an aluminum water-cooling heat sink. An infrared thermal camera was used to monitor the temperature in real-time. Under an optimized cooling, the highest temperature of the fiber coating surface remained below 35 C throughout the amplification process. In particular, we studied the amplification properties of the pulses at other wavelengths with the same incident pump power. Fig. 3(b) shows the output spectra at different wavelengths under the maximum output power. The amplified pulses were broadened to an edge-to-edge bandwidth of 11.9-15.2 nm, which indicates that the output pulse was chirped after the amplifier chain. However, a reasonable optical signal-to-noise ratio (OSNR) of over 25 dB was achieved for all the pulses from 1038.4 nm to 1060 nm. Moreover, the pulse duration of the amplified laser was measured to be 9.5 ps. There was no significant change in pulse width and pulse shape in the time domain compared to the seed pulses. The output power at different lasing wavelengths with respect to the incident pump power is shown in Fig. 4(a) . The maximum output power values from 1038.4 nm to 1060 nm were 18.9 W, 21.2 W, 20.8 W, 18.3 W, and 19.4 W, respectively. The corresponding maximum and minimum fitting slope efficiencies were 66.36% and 57.39%. At the maximum output power, the laser beam was characterized and the beam width was measured with a scanning slit optical beam profiler (Thorlabs BP209-IR/M) based on D4S method. The beam quality ðM 2 Þ was measured to be 1.15 at the horizontal and 1.17 at the vertical beam axis, as shown in Fig. 4(b) . The corresponding beam distribution is also depicted as the inset in Fig. 4(b) , which presented a symmetrical round shape. As shown in Table 1 , we achieved a highest output power wavelength-tunable pulsed fiber laser, without any tunable elements in particular. 
Conclusion
In summary, we have demonstrated a high-power wavelength-tunable picosecond Yb-doped fiber MOPA source based on an NPR mode-locked fiber laser. Through changing the orientation of the polarization controllers, a 21.6-nm wavelength-tunable range was obtained from the laser source without any tunable elements. The laser source produced an output power ranging from 18.3 W to 21.2 W at different lasing wavelengths (1038.4-1060 nm) with a pulse duration of 9.5 ps, an OSNR of 25 dB, and a beam quality M 2 of 1.16 at the repetition rate of 178 MHz. This highpower, widely wavelength-tunable and all-fiber laser source may be well suited for numerous potential applications. 
